L ead selenide is a 0.27 eV direct band gap material used in devices including infrared detectors, [1] [2] [3] [4] [5] [6] thermalimaging systems, [3] [4] [5] [7] [8] [9] [10] and mid-IR lasers. [11] [12] [13] [14] [15] [16] [17] [18] Its small band gap and relatively large exciton Bohr radius of 46 nm also make it a useful model system for studying quantum confinement effects in nanoribbons, nanowires, and nanoparticles. As a practical result of these quantum effects, lead selenide nanoparticles have been proposed as a possible material for future-generation, high-efficiency solar cells, [19] [20] [21] [22] [23] [24] [25] although it is still unclear how efficient these effects are at improving solar cells. [26] [27] [28] [29] [30] [31] Due to these potential uses for PbSe nanowires, a number of research groups have prepared PbSe nanowires using a variety of synthetic methods, including (1) vapor-liquidsolid synthesis, [32] [33] [34] 38 and (4) chemical vapor transport synthesis. 39 All of these methods have two common drawbacks. The first drawback is that the nanowire length produced by these methods is limited to less than 100 μm in the best cases, with the majority of these methods producing nanowires with lengths less than 1 μm. The second drawback is that these methods generally produce nanowires that are randomly oriented and dispersed on a surface. The net result of these two drawbacks is that any integration or electrical characterization of the nanowires requires nontrivial postsynthesis processing, such as e-beam lithography.
To address these issues, we have prepared lead selenide nanowires via lithographically patterned nanowire electrodeposition (LPNE). LPNE is a multistep nanowire deposition process, developed by the Penner group, that uses photolithography to create a template for nanowire deposition and has been used to prepare gold, platinum, palladium, bismuth, and lead telluride nanowires. [40] [41] [42] Briefly, the LPNE method, shown in Scheme 1, consists of seven-steps, (1) Evaporate nickel onto a piece of float glass, (2) coat the nickel film with photoresist, (3) pattern the photoresist, (4) chemically etch away the exposed nickel, undercutting the photoresist to create the deposition template, (5) electrodeposit desired material into the template, (6) remove excess photoresist, and (7) chemically etch away the excess nickel, leaving a freestanding nanowire.
Of these seven steps, the electrodeposition step (step 5) is the most important as it dictates the nanowire material. We synthesized lead selenide nanowires by a constant potential 43, 44 In our method, PbSe electrodeposition was achieved from an aqueous deposition solution containing 0.1 M Na 2 EDTA, 10 mM Pb(NO 3 ) 2 , and 1 mM SeO 2 , with the final solution pH adjusted to 4 by the dropwise addition of conc. HNO 3 . The EDTA and large excess of Pb(NO 3 ) 2 , relative to the SeO 2 concentration, are needed to shift the deposition potentials so that the start of the lead reduction (wave (i) in Figure 1a) occurs at approximately the same potential as that of selenium reduction (wave (ii) in Figure 1b ). This ensures that lead and selenium are codeposited (wave (v) in Figure 1c ) at a potential of approximately -0.6 V versus Ag/AgCl without excess lead or selenium present, as is evidenced by the lack of a second stripping wave in Figure 1c . After the final LPNE step, all that is present on the glass surface is a parallel array of PbSe nanowires, shown in Figure 2a .
The pitch of the nanowire arrays, such as the one shown in Figure 2a , is controlled by the photomask and is ultimately limited by the diffraction limit of the light used for the photolithography. However, both the height and width of the nanowires are independent of the photolithography, as well as each other. The height of the individual nanowires is equal to the thickness of the nickel film that is deposited in step 1 of the LPNE method over a wide range of nickel film thicknesses. 40 However, the nanowire width is dependent on the electrodeposition time, with a rate that depends on the electrodeposited material. In addition, PbSe nanowires have protrusions on the side opposite the nickel electrode, as can be seen in Figure 2b , which grow larger over time, resulting in a larger variation in wire width at longer deposition times. Figure 2c demonstrates that even with this increasing roughness, the width of the resulting nanowires is dependent on the deposition time with a high degree of control over the resulting nanowire width. The EDX analysis shown in Figure 3d offers evidence of stoichometric PbSe nanowires, as only lead and selenium are present, and they are in an atomic ratio of approximately 1:1.
A single PbSe nanowire, approximately 40 nm in height and 200 nm in width, is shown in the transmission microscope image in Figure 3a . This image displays the nanocrystalline nature of these nanowires, with grain sizes between 20 and 100 nm. Note that the grains closer to the nickel edge (left side of the nanowire) are smaller, as has also been seen in Pd nanowires grown by the LPNE method. 45 Selected area electron diffraction was also performed on this nanowire, with the resulting diffraction pattern shown in Figure 3b . All of the peaks in the diffraction pattern can be indexed to a reference cubic PbSe diffraction pattern, (JCPDS 06-0354, shown in the inset to Figure 3b) , demonstrating that the nanowire is made of cubic PbSe. To further ensure that the electrodeposited material was PbSe, an array of 500 nm wide nanowires was prepared, and X-ray diffraction on the resulting array was collected. The resulting diffraction pattern is compared to the standard cubic PbSe diffraction pattern in Figure 3c , again showing that only cubic PbSe is electrodeposited. In addition, Scherrer analysis on the peak widths predicts grain diameters of 53 nm, similar to what was observed by TEM.
Rather than etching the remaining nickel after the electrodeposition step to leave isolated nanowires, an additional photolithography step can be added to selectively etch away only some of the nickel, resulting in a nanowire with nickel contacts, as shown in Figure 4a . This provides a way to perform IV measurements on a single PbSe nanowire with pubs.acs.org/JPCL heights ranging from 40 to 80 nm, widths ranging from 100 to 600 nm, and lengths from 65 to 150 μm. The IV curve on a single nanowire over a large voltage range, shown in Figure 4b , shows diode-like behavior, suggesting that the nickel-PbSe contact is not ohmic. However, over a small bias range, the IV curve is linear, as can be seen for four separate nanowires with different aspect ratios in Figure 4c . The resistivities calculated from these IV curves are shown in Table 1 and are similar to, although larger than, both the resistivity of a single-crystal PbSe nanowire prepared via VLS by Fardy et al. 39 and a nanowire-like assembly of PbSe nanoparticles prepared via chemical reaction by Sashchiuk et al. 46 The differences between resistivity values are likely due to a combination of grain boundary scattering and oxidation in the LPNE-prepared nanowires as these nanowires are highly nanocrystalline and wires were exposed to ambient air for at least 5 days before the IV curves were collected.
In summary, nanocrystalline PbSe nanowires have been prepared by LPNE with independent control over the length, width, and height of the nanowires. These nanowires are stoichometric and single-phase, with electrical resistivities comparable to those of PbSe nanowires prepared via alternative methods. This opens the door to new opportunities for studying both the optical and electronic properties of PbSe nanowires and their potential application in a variety of systems.
EXPERIMENTAL DETAILS
Microscope slides where cut into 1 in. Â 1 in. squares and soaked in a Nochromix solution for 24 h. These slides were then rinsed with NANOPure water (resistivity = 18.0 MΩ cm), dried with compressed air, and then placed in a Denton BTT-IV evaporator. Nickel was thermally evaporated at a rate of 0.1 nm sec -1 while the nickel thickness was monitored with a SQM-160 film thickness monitor (INFICON). After the nickel had reached the desired thickness, the nickel-coated slides were removed from the evaporator coated with S1808 photoresist (ROHM & HAAS). The resist was photopatterned using an OAI model 30 UV light source, developed in MF-24A (ROHM & HAAS), rinsed in NANOPure water, and dried with compressed air. The photopatterned slides were then placed in a 1 M HNO 3 solution for 5 min to etch the exposed nickel, resulting in a nickel template electrode for the lead selenide electrodeposition.
The electrodeposition of lead selenide nanowires was carried out in a deposition solution containing 0.1 M Na 2 EDTA Table 1 . The nanowire stoichiometric ratio has been characterized on a Genesis energy-dispersive X-ray (EDAX) spectrometer. The crystallographic data were collected using a Rigaku Ultima III (Rigaku, Tokyo, Japan) high-resolution X-ray diffractometer (XRD) with Cu K irradiation. The X-ray generator was operated at 40 kV and 44 mA. The JADE 7.0 (Materials Data, Inc.) X-ray pattern data processing software was used to determine the crystalline properties, including crystal size, and the full width at half-maximum (fwhm). Transmission electron microscopy and selected area electron diffraction data were attained on an FEI Tecnai 12 transmission electron microscope (TEM) operated at 120 kV. An FEI Quanta 200 environmental scanning electron microscope (ESEM) was used to acquire images of the wires and measure widths. All optical images were taken using a Nikon DS camera unit DS-L2 attached to an industrial Nikon ECLIPSE LV150 optical microscope.
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